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Abstract 
Investigation of running ductile fracture in gas transmission pipelines and the derivation of reliable crack arrest prediction 
methods belong to major topics in pipeline research. The yet available crack arrest criterion, known as the Battelle Two-Curve 
Method (BTCM), leads to reliable predictions up to grade X70 line pipe steels for which it has been validated. This includes 
specific limits in terms of mechanical properties, pressure and geometry. The application of this criterion to modern pipeline 
steels, i.e. especially grades X80 and beyond in combination with larger diameters and high pressure, has led to mispredictions of 
the BTCM. Hence, in order to ensure safe design of pipelines, new methods are required based on in depth knowledge and 
appropriate characterization of material resistance. This paper presents a procedure for the assessment of dynamic ductile fracture 
resistance based on combined experimental and numerical investigations. The procedure involves quasi-static and dynamic drop-
weight tear testing (DWTT) on modified specimens with pre-fatigued crack for grades X65, X80 and X100 materials, and the 
application of cohesive zone (CZ) and Gurson-Tveergard-Needleman (GTN) models to describe ductile material damage. The 
damage model parameters are calibrated on basis of DWTT results and subsequently used to simulate dynamic crack propagation 
in a pipeline. The influence of material properties (strain hardening, toughness), pipe geometry, usage factor and decompression 
behaviour on ductile fracture propagation behaviour is studied and evaluated. The results will contribute to an enhanced 
understanding of major parameters controlling ductile fracture propagation and will help to establish a reliable procedure for safe 
design of new high-capacity pipelines with regard to crack arrest. 
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1. Introduction 
Ductile fracture control in pipelines means providing sufficient material resistance for arresting long-running 
cracks. It is one of the major concerns for safe pipeline design. The Battelle-Two-Curve model (BTCM) published in 
the 1970’s by Maxey (1974) belongs to the widespread methodology for crack arrest prediction and safe design of 
gas transmission pipelines.  It is based on independent determination of the dynamic decompression curve for 
(natural) gas and the fracture resistance curve representing the influence of pipe size, strength, toughness, backfill 
and pressure level on crack propagation velocity. While the dynamic decompression curve is based on a simplified 
fluid-dynamic equation, the fracture resistance curve includes a fracture-mechanics related approach proposed by 
Kiefner (1972). The result is the toughness requirement for arrest of running ductile fracture in terms of minimum 
Charpy V-notch impact energy.   
The restricted applicability of this methodology to modern pipeline steels in combination with high pressure 
levels and larger diameters is primarily owed to the fact that the BTCM parameters were calibrated on a data base 
compiled in the 1960’s. In order to develop an alternative procedure for crack arrest prediction, research efforts have 
been initialized worldwide aiming in the first step to illuminate the effect of main material and geometry parameters 
on dynamic ductile fracture resistance. These efforts often involve combined experimental-analytical-numerical 
investigations. Although progresses have been achieved evident in proposals of different procedures, their 
implementation in current pipeline rules is retarded because of diverse reasons, e.g. impracticability, lack of full-
scale test database required for their verification/validation, etc.. 
In this paper, a numerical approach with application of damage mechanics models, Cohesive Zone (CZ) in 
Scheider and Brocks (2003) and Cornec et al. (2003) and Gurson-Tveergard-Needleman (GTN) models in Gurson 
(1977) and Tvergaard and Needleman (1984), was selected for the simulation of dynamic fracture propagation. The 
fracture resistance of three linepipe steels exhibiting different strength and toughness levels was determined by 
instrumented drop-weight tear tests (DWTT) with pressed notch (PN) and pre-fatigued (PF) crack. The results from 
these tests served as a basis for calibration and verification of the damage model parameters which were 
subsequently used for the numerical simulation of crack propagation in pipe models. As a result numerical fracture 
resistance curves were derived and employed for the assessment of ductile fracture resistance.  
2. Investigated line-pipe materials 
Three longitudinally welded pipe sections of API 5L X65, X80 and X100 grades were provided by EUROPIPE 
GmbH for this study. The pipes were manufactured in a UOE process by using thermo-mechanically rolled plates. 
The geometry of the pipes is defined by the outer diameter D and wall thickness t, see Table 1. To obtain 
mechanical properties, tensile tests were performed at room temperature (RT) on round bar specimens extracted in 
transverse direction (TD). Strength and strain values in terms of yield strength Rp0.2, ultimate tensile strength (UTS) 
and uniform elongation (UE) are also summarized in Table 1. Regarding chemical composition, these materials are 
characterized by a low carbon content and very high level of cleanliness. 
  
                                   Table 1. Geometry and tensile properties. 
 
 
D
[mm]
t
[mm]
Rp0.2
[MPa]
UTS
[MPa]
UE
[%] A nH c1 c2
X65 864 38.0 482 572 11.4 800 0.105 0.01 1.05
X80 1422 27.7 663 713 6.8 929 0.072 0.01 1.05
X100 1219 18.4 756 757 - 898 0.032 0.03 1.02
Material
Geometry Tensile properties
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The plasticity of the examined materials required for the numerical simulations is described by the true stress-
strain relations, see. Figure 1. The extension of the flow curve in the post-necking region was performed by applying 
the Hollomon power law. Based on the derived strain hardening nH values there is a distinct decrease in hardening 
capacity with increasing strength. Besides toughness properties, it is known that material ductility also affects the 
pipe resistance against unstable ductile fracture propagation. It should be noted that neither plastic anisotropy nor 
adiabatic heating were considered in the numerical models.  
 
 
Fig. 1. Flow curves for X65, X80 and X100 materials. 
 
Strain rate dependence was considered by multiplying the strength values with a correction factor which is 
calculated by the following equation: 
  21 ln)( ccf  HH     (1) 
 HVV H  fYS  )(    (2) 
with the dynamic parameters c1 and c2, see Table 1. These parameters are determined based on the load-
displacement curves from high speed tensile tests. 
3. Simulation of DWTT 
3.1. FE model 
The 3D numerical models of PN and PF DWTT specimens with 76.2mm height were generated with FE software 
Abaqus/CAE by taking into account the symmetry conditions in length and thickness directions. Bearings and tup 
were modeled as rigid solids. The drop mass is equal to 2.8t. Maximal tup’s velocity is varied between 3.43 and 
8.63m/s depending on drop heights. The models are meshed with 8-node brick elements with reduced integration. A 
finer mesh was applied in the region of crack propagation. For the GTN model, element size perpendicular to the 
crack growth direction represents a material specific parameter leading to layers with different thickness for each 
material. The FE model of the PF DWTT specimen during crack propagation is presented in Figure 2. 
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Fig. 2. FE model of PF DWT specimen in initial state (left) and with crack propagation during impact testing (right). 
 
The numerical simulations with CZ model are carried out in Abaqus/Standard by applying the user subroutine 
UEL provided by Helmholtz Zentrum Geesthacht (HZG). The calculations with the GTN model were run with 
Abaqus/Explicit which already includes a porous metal plasticity model.  
3.2. Calibration of damage parameters 
The damage parameters were determined based on the load-displacement curves obtained from instrumented 
DWT specimens with pre-fatigued (PF) crack. The initial crack depth ratio of this specimen is equal to a/W=0.3. 
The major advantage of PF to standard PN specimens lies in the distinct reduction of drop energy required for crack 
initiation. Thus, the largest amount of energy is dissipated during crack propagation and can be related to fracture 
propagation resistance. Drop heights of 3.8m and 0.6m were used for DWTT of X65 and X80 materials. The surplus 
of kinetic energy for X65 material is evident in more pronounced oscillation of the load-displacement curve. Figure 
3 shows that adequate parameter sets have been identified allowing to reproduce the experimental curves with good 
agreement. Since no PF DWTT specimens were provided for the X100 material, relevant parameters were 
determined by means of quasi-static tests on pin-loaded shallow notch SENT specimens. Further details on 
calibration are given in Nonn and Kalwa (2012) and Nonn and Kalwa (2013). All parameters are summarized in 
Table 1. The only differences in damage parameters found for X65 and X80 materials are related to the fN parameter 
of the GTN model and the cohesive strength T0. The higher fN parameter for X80 material (factor 3 compared to 
X65) can be explained by the fact that higher strength materials do contain a higher volume fraction of secondary 
particles, such as small Fe3C carbides or M-A constituents on which the secondary voids will nucleate. The cohesive 
strength values correspond to yield strength multiplied by factors 2.85 for X65 and 2.4 for X80, respectively. Based 
only on the damage parameters, it is not clear which of these two materials exhibits better fracture resistance. For 
the X100 material high values of the GTN parameters, fN and ly, imply a reduction of fracture resistance compared 
to the lower strength materials. While the fN parameter is by a factor of 3.3 higher than for X80, the element size is 
reduced to 0.2 mm. It should be noted that the latter refers to the symmetric model and has to be doubled if no 
symmetry conditions are considered. The cohesive energy *0, which is directly related to the material toughness, is 
by 200 kJ/m2 lower than for the X65 and X80. The ratio between cohesive strength and yield strength is with 2.26 
the lowest for the X100. Both damage models can be used for fracture simulations of all three steel grades by 
adjusting only two parameters within a narrow range.  
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Fig. 3. Calibration of damage parameters. 
 
                                                 Table 2. Calibrated parameters. 
 
3.3. Verification of damage parameters 
 The verification of the identified parameters was conducted by impact tests on PN DWTT specimens. There is 
distinct difference in the qualitative slope of the load-displacement curves between PN and PF DWTT specimens. 
The curve from PN DWTT is characterized by a significant load increase after the onset of yielding. This increase is 
most pronounced for X65 material. The peak load is followed by a steep unloading slope due to the dynamic crack 
propagation. The reason for this fracture behavior of the PN specimen is to be found in delayed crack initiation and 
the absorption of high amount of drop energy due to plastic deformation around the notch and also the contact 
regions. Similar behavior was also observed in standard Charpy V-notch specimens of high toughness material. The 
effect of pronounced specimen bending prior to crack initiation is a distinct notch blunting, which causes a shift of 
maximum triaxiality level away from the notch towards the ligament region. Once the crack initiates, the ligament 
material is already pre-strained and thus yields a potentially lower resistance against crack growth. The sharp load 
drop beyond the peak indicates the high propagation rate. The described behavior of the PN specimen is 
representative for modern, high toughness steels and might lead to effects such as abnormal fracture appearance, 
which is hence understood to be a testing issue. Furthermore, the link between dissipated energy and dynamic 
fracture resistance cannot be clearly established. As already mentioned above, this problem is overcome by applying 
the PF specimen. The fidelity of the numerical predictions is shown in Figure 4. Best agreement with experimental 
results is achieved for X80 material with both models. For the other two materials, the peak load and the onset of 
load drop are underestimated by the simulation. However, the unloading slope, and thus crack propagation velocity, 
can be captured with close agreement. It is noteworthy that both damage models yield a similar load-displacement 
response for each steel.  
Before the determined damage parameters are transferred to the simulation of dynamic fracture propagation in 
the pipe model, the cohesive energy is recalibrated for a coarser mesh given by the element size in propagation 
direction of lx=4mm. The original element size was lx=0.4mm. The reason for this recalibration is the necessity to 
reduce computational effort related to the simulation with Abaqus/Standard. The results of this recalibration 
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conducted on PF DWTT for X80 and PN DWTT for X100 are presented Figure 4 (right). It leads to an increase in 
cohesive energy values. 
 
  
Fig. 4. Numerical and experimental load-displacement curves for all three materials (left) and for X80 and X100 with the CZ model using a 
coarser mesh (right). 
4. Simulation of dynamic fracture propagation in the pipe 
4.1. FE model 
Numerical models of the pipe section with the geometries given in Table 1 were generated for all three materials. 
Only one quarter of the pipe section was considered by utilizing the symmetry conditions, shown in Figure 5. A 
through-wall starter notch with a length equal to the outer diameter is introduced to trigger crack initiation. The 
crack propagation distance was limited to 5 times outer diameter. Identical damage model parameters as determined 
on the small scale tests were applied to the pipe model. Thus, the element layer with a width equal to the parameter 
ly was defined along the crack propagation path for the simulation with the GTN model. At this point, the 
disadvantage of using a local damage models for large scale simulations becomes evident. Due to this fine mesh 
resolution, the number of elements in the pipe model exceeds 106 resulting in the enormous CPU time. In contrast, 
the simulations with CZ model were performed using the coarser mesh, and the number of elements was 
approximately two orders of magnitude smaller. 
 
 
Fig. 5. FE model of the pipe (X80 material) with boundary condition (left) and during the crack propagation (right). 
 
While the FE pipe model is relatively simple to replicate requiring no advanced meshing techniques, the major 
challenge related to the simulation is found in an adequate description of the loading. In the real pipeline, the 
initiation and dynamic crack propagation are triggered once the critical crack length is reached leading to loss of the 
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structural integrity and the start of the depressurization. The knowledge of the loading conditions promoting the 
crack propagation is the prerequisite for reliable simulation of pipe rupture. In general, the crack driving force is 
represented by the global pressure decay in front of the crack and the local pressure distribution along the flaps 
behind the crack. The global pressure decay expressed as a pressure-velocity dependence can be calculated by codes 
such as GASDECOM in Eiber et al. (1993) which are based on fluid-dynamic approaches. However, there are no 
direct methods to calculate the pressure profile behind the crack. As known from physical measurements performed 
during full-scale tests, this profile can be captured in two dimensions, the one in longitudinal pipe direction and the 
second one in circumferential direction. Based on test data presented in Berardo et al. (2000) a simplified approach 
was used to account for the pressure loading in the FE model. This approach involves the definition of two different 
loading zones behind and in front of the crack tip. The pressure decay behind the crack was approximated by the 
following exponential function: 
   Dxxfepxp /00)(
 T    (3) 
Here are: 
p0 - pressure at the crack tip 
f(T) - function depending on the location around the pipe circumference 
x0 - axial coordinate of the crack tip location 
x - axial coordinate behind the crack tip 
 
It should be noted that in the first step only one exponential function valid at T=180° was used to describe the 
pressure decay behind the crack tip and the variation of the exponential function around the circumference was 
neglected. For the region ahead of the crack, a further simplification was employed by setting the pressure equal to 
the pressure at the crack tip and without considering the increase to the full-pressure. The initial internal pressure 
was set to 72% of the yield strength. Based on full-scale test results it was assumed that the steady state will be 
reached at pressure levels in the range between 30%-50% of initial pressure. Here, the crack tip pressure was 
linearly reduced to 40% of initial pressure in 20ms.  
4.2. Comparison of fracture resistance curves 
Results from the GTN simulation regarding velocity profiles were reported in Nonn and Kalwa (2013). 
Significant differences for investigated pipe sections were found with respect to the crack velocity levels over the 
normalized length. In case of X65 material, a fast crack arrest was estimated within a half-diameter length. In 
contrast, only slight reduction of the crack velocity from 320m/s to 280m/s was observed for X100 over the distance 
of 4.0 times outer diameter. The comparison between full-scale test and the simulation for X80 material showed a 
good agreement in terms of crack length and the velocity level. Here, the crack arrest was predicted after a 
propagation of 3.3 D. 
The fracture resistance curves calculated with both GTN and CZ models for X80 and X100 materials are plotted 
in Figure 6. In addition to the numerical results, the resistance curves were also calculated using the BTCM based on 
the upper shelf energy (USE) values from instrumented Charpy V-notch tests (USE=363J for X80 and USE=278J 
for X100). As apparent from Figure 6, GTN model provides a more critical estimation of the decreasing velocity 
with the pressure drop. In case of X80 material, ca. 50m/s higher crack velocity was determined with this model at 
the time point at which the pressure was reduced to 40% of its initial value. While there is a close resemblance 
between numerical curves for X80, a higher discrepancy is observed for X100. No significant deceleration of the 
crack was possible with the GTN model. The crack exited the pipe section after the propagation length of 5 D with 
still relatively high velocity of 280m/s. In contrast, the CZ model predicted the crack arrest at the length of ca. 4 D. 
The difference in the fracture resistance curves between the damage models is also reflected in the deformation 
figures of the pipe sections. The deformation figure of the GTN pipe model is characterized by the larger crack 
opening with more distinct “wavy” pattern formation. When compared to the BTCM curves more conservative 
prediction of the fracture resistance behavior is yielded with both damage models leading to higher crack velocities 
in the regions of high pressure levels.  
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Fig. 6. Fracture velocity curves for X80 and X100, numerical and according to the BTCM. 
 
In order to study the influence of the pipe geometry on the fracture response, an additional crack propagation 
simulation was conducted with the CZ model (denoted as CZ*). For this simulation the properties of X80 material in 
terms of flow curve and damage parameters were assigned to the pipe geometry of X100 material with lower 
diameter and wall thickness. The effect of toughness properties was examined by using the original pipe geometry 
and flow curve of X80 material but modifying only CZ parameters (CZ**). This modification involved the 
reduction of both cohesive strength and cohesive energy to match corresponding X100 parameters.  Figure 7 shows 
the influence of the modified geometry and CZ parameters on the crack velocity profiles and fracture resistance 
curves. Regarding the velocity profiles over the normalized crack length, no distinct influence of the modified pipe 
geometry is evident. However, the modified pipe geometry yields a lower velocity level at specific normalized 
pressure for crack velocities below 200m/s. As expected, lower toughness properties related to the reduced CZ 
parameters cause the shift of the fracture resistance towards higher velocities leading to longer crack propagation 
distance preceding the crack arrest occurrence.  
 
  
Fig. 7. Crack velocity profiles and fracture velocity curves obtained with CZ model for original X80 (“CZ”), modified pipe geometry (“CZ*”) 
and modified toughness properties (“CZ**”). 
5. Conclusions 
The objective of this paper was to present a methodology which can be used for the assessment of pipeline 
fracture resistance against long-running ductile fracture. This methodology consists of several steps required for the 
calculation of fracture resistance curves which represents the relation between the crack velocity and the pressure 
level. Following conclusions can be drawn: 
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x The applied ductile damage models, CZ and GTN models, are suitable to describe the dynamic fracture resistance 
of modern pipeline steels exhibiting different strength and toughness properties. Only two parameters of both 
models were calibrated per each material; cohesive strength and cohesive energy for CZ model and volume 
fraction of secondary voids fN and element size ly for GTN model  
x The pre-fatigued (PF) DWTT specimens are recommended for the calibration of damage parameters which can 
be used for the simulation of crack propagation in the pipe without any further adjustment. This direct 
transferability of the parameters is justified by the fact that similar stress-strain conditions control the fracture 
behavior in the PF DWTT specimen and the pipe model, see Völling et al. (2013).  
x The computational efficiency of the GTN model for the simulation of the crack propagation over longer distances 
is low due to the mesh refinement required to account for the model parameter ly. Concerning this issue, the CZ 
model for ductile fracture represents more viable and robust solution.  
x The derived numerical fracture resistance curves can be considered as a helpful tool in estimating the resistance 
of pipeline material to dynamic fracture. The definition of the lower bound resistance curve for a specific 
material in combination with safety factors would provide a basis for the prediction of crack arrestability. Further 
studies to investigate the influence of different parameters and dynamic tests are planned to improve and verify 
the presented approach. 
References 
Maxey, W. A., 1974. Fracture Initiation, Propagation and Arrest. Proceedings of 5th Symposium on Line Pipe Research, Houston/USA, paper J-1. 
Kiefner, J. F., Maxey, W. A., Eiber, R. J., Duffy, A. R., 1972. Failure Stress Levels of Flaws in Pressurized Cylinders. ASTM STP 536 - Progress 
in Flaw Growth and Fracture Toughness Testing. American Society for Testing and Materials, Philadelphia/USA, 461-481. 
Scheider., I., Brocks, W., 2003. Simulation of cup-cone fracture using the cohesive model. Eng. Fract. Mech. 70, 1943-1962. 
Cornec, A., Scheider, I., Schwalbe, K.-H., 2003. On the practical application of the cohesive model. Eng Fract Mech 70, 1963-1987. 
Gurson, A., 1977. Continuum theory of ductile rupture by void nucleation and growth: Part I-yield criteria and flow rules for porous ductile 
media. J. Eng. Mater. Technology, 2-15. 
Tvergaard, V., Needleman, A., 1984. Analysis of the cup-cone fracture in a round tensile bar. Acta metal. 32(1), 157-169. 
Nonn, A., Kalwa, C., 2012. Simulation of ductile crack propagation in high-strength pipeline steel using damage models. Proceedings of the 9th 
International Pipeline Conference, Calgary/Canada. Paper No. IPC2012-90653. 
Nonn, A., Kalwa, C., 2013. Analysis of dynamic ductile fracture propagation in pipeline steels: A damage mechanics approach, Proceedings of 
the 6th International Pipeline Technology Conference, Ostend, Belgium, Paper-No. S34-01. 
Eiber, R. J., Bubenik, T. A., Maxey, W. A., 1993. Fracture control technology for natural gas pipelines. NG-18 Report No. 208, Project PR-3-
9113, American Gas Association. 
Berardo, G, Salvini, P., Mannucci, G., Demofonti, G., 2000. On Longitudinal Propagation of a Ductile Fracture in a buried Gas Pipeline: 
Numerical and Experimental Analysis. 2000 International Pipeline Conference, Calgary, Canada, 287-294. 
Völling, A., Erdelen-Peppler, M., 2013. Adequate toughness testing of linepipe steels for crack-arrest prediction. Proceedings of the 6th 
International Pipeline Technology Conference, Ostend, Belgium, Paper-No. S04-03. 
